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SUMMARY 


A "theoretical analysis has heen made of acceleration restrictors 
"Which work on the principle of s"topping the upward motion of "the ele- 
"VB"tor when "the signal from an acceleration-sensing de"vi.ce reaches a 
cer"tain "value. The de"vlces considered, for measuring the acceleration 
include an accelerometer loca"ted. at "the cen"ter of gra"vl"ty, an acceler- 
ome"ter loca^ted 3 chords ahead of "Uie center of gravity, and a de"vice 
measuring "the quanti"ty: True airspeed times pitching velocity. The 

results of "ther analysis are presented as charts sho"wlng "the ratio of 
peeik acceleration "to preset acceleration as a function of airspeed for 
"various maximum rates of ele"va"tor movement. Calculations were made for 
a represen"tative filter airplane and a represen"tative transport air- 
plane over a range of center-of-gra"vl"ty positions at alti"tudes of sea 
level and 40,000 feet. 

The resxilts of the analysis lndlca"te that an acceleration res"trlc"tor 
sensing acceleration meas\ired at "the center of gra-vity is unsatlsfac"tory 
hecatise an undue limi"tation on "the ra"te of con"trol movement is required 
to prevent large overshoots of "the acceleration heyond the preset 
limiting "value. Some"»diat largen ra"tes of ele"va"tor movement are allow- 
ahle if "the accelerometer is loca"ted 3 chords ahead of the center of 
gra"vl"ty. The allo"Vfahle rate of ele"va"tor movement, howe"ver, is still 
insufficient "to pro"vlde adequate maneuverahlllty unless a de"vice is 
Incorpora-ted "to Increase "the iiaximum ra"te of ele"vator movement "with 
decreasing speed. A de"vlce sensitive "to a combination of the quantities 
normal acceleration and pitching acceleration mi ght , he sul"tahle for 
operating ^ acceleration res"trictor, hut the component of pitching 
acceleration should he larger than that ohtainahle hy simply locating 
the accelerometer in "the nose of "the airplane. A de"vice sensitive "to 
the q.uantlty: True airspeed times pitching velocl"ty appears "to give 

fairly satlsfac"tory acceleration-restriction charac"teristics provided 
the S"tatlc. margin is grea"ter "than about 10 or 15 percent of the meein 
aerodynamic chord. 
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An acceleration restrictor operated "by a signal wbilcli precedes the 
hulld-up of normal acceleration by a sufficient amount will cause the 
elevator motion to stop at a deflection less than that corresponding to 
the preset acceleration. If the elevator motion Is allow'ed to start 
again when the signal falls below the preset value, the elevator will 
move up In a series of steps and approach a deflection closely corre- 
sponding to the preset acceleration. This method of operation appears 
to offer promise as a means of avoiding excessive ratios of peak accele- 
ration to preset acceleration over a wide range of fll^t conditions. 


INTRODUCTION 


Althoii^ existing airplanes are not equipped with acceleration 
restrictors, several recent developments liave tended to create the need 
for a reliable method of limiting loaneuvering accelerations. In the 
case of filter airplanes the use of "g suits" allows the pilot to with- 
stand physically accelerations In excess of the limit load factor of 
the airplanes. In the case of treinsport or bomber airplanes, research 
reported In reference 1 has shown that very low stick-force gradients 
are considered desirable provided the control friction Is small. At 
the same time experience with control boosters has reached the point 
where control-force gradients as li^t as desired may be provided on 
airplanes of any size. In order to utilize such small control-force 
gradients safely, however, a device for preventing the pilot from Imd- 
vertently overloading the airplane in maneuvers would be required. 

In connection with the design of any acceleration-restricting 
device, the question of reliability is of extreme Importance. The 
device must work in a fool-proof manner on the rare occasions when it 
is required to prevent overloading the airplane and its presence must 
In no way endanger or interfere with the normal control of the airplane. 
Consideration must therefore be given to the use of the simplest possible 
devices even though such devices ml^t operate satisfactorily over a 
more limited range of conditions than other more elaborate devices. 

In the present paper, possible methods of operation of acceleration 
restrictors are discussed and an analysis Is made of some of the simpler 
devices. The analysis Is Intended to supply information on the limi- 
tations of these devices and the conditions mder which they mi^t operate 
satisfactorily. 
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SYMBOLS 


doiible amplitude of trapezoidal wave 
coefficient of Fourier series 
wing chord 


pitching-moment coefficient 


vertical-force coefficient 


M 


|V%C 




differential operator (d/ds) 
acceleration due to gravity 
radius of gyration about Y-axls 


radius of gyration factor 



airplane mass 

pitching moment (positive up) 

normal acceleration (positive up), g-unlts 

preset value of normal acceleration 

pitching velocity 

distance traveled, chords 

wing area 

time 


period of trapezoidal wave, chords 

duration of sloping portion of trapezoidal wave, chords 


true airspeed 
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vertical force (positive down) 

distance between accelerometer and center of gravity, chords 
angle of attack 
elevator angle 
■ angle of pitch 
relative-density factor 
air density 

nondimensional frequency, radians/chord 


Stability derivatives are defined in accordance with the following 
examples: 


C7 = 


hcL^ 


% 


_ ^ 


/ 
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(i) 


POSSIBLE PRINCIPLES OF OPERATION OF ACCELERATION RESTRICTORS 


Perhaps the simplest method for limiting maneuvering accelerations 
which shows en migh promise to merit consideration is a device preventing 
further upward motion of the elevator when the limit load factor is 
reached. This type of system has the obvious shortcoming that in a 
maneuver the elevator, may be rapidly moved to large deflections before 
the acceleration builds up. In order for the device to operate success- 
fully, therefore, it is necessary to restrict the rate of elevator move- 
ment. Such a restriction is inherently provided in most control boosters; 
this provision, therefore, does not add to -the mechanical complication 
of the device. An undue restriction in the rate of elevator movement 
may be required, however, in order to prevent the acceleration in a 
maneuver frcm exceeding the desired value. In the limiting case where 
the maneuvering stability is zero, a device which operates on the prin- 
ciple of stopping the upward elevator movement is obviously useless 
because einy sman upward movement of the elevator woiild result in excessive 
values of acceleration. Devices of this type, therefore, fall' to provide 
safety in case the airplane is inadvertently loaded with an excessively 
rearward center -of-gravity location. Just the condition under which 
limitation of the accelerations m1 gbt be most needed. Such devices 
might, nevertheless, have application to airplanes -vdiose physical 
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airangement makes abnoiinally -tail-lieavy loading unlikely^ or to trans- 
port aiiTplanes in, wMcli close control of the center of gravity is 
maintained. 

Two methods may he employed to increase the allowable rate of con- 
trol movement for satisfactory operation of an acceleration restrictor 
of the type described. One method is to operate the device in accord- 
ance with a signal which measures the normal acceleration \mder steady 
conditions but which precedes the build-up of normal acceleration in a 
rapid maneuver. The other method is to reduce the lag in airplane response 
to control movement. 

Ip connection with the first method, a signal consisting of a 
combination of pitching acceleration and normal acceleration might be 
used to operate the acceleration restrictor. In this case, the pitching- 
acceleration signal precedes the normal acceleration during the early 
stages of a pull-up but later goes to zero in a steady pull-up and leaves 
only the normal-acceleration signal. Such a combined signal might be 
very easily obtained by locating the accelerometer some distance ahead 
of the center of gravity. Another source of a signal which precedes 
the nonnal acceleration in a rapid maneuver is a device measuring the 
quantity: True airspeed times pitching velocity. This quantity measTxres 

the steady geometric acceleration but falls to include the effect of 
gravity on the loads applied to the airplane. If this type of device 
were set to limit the acceleration to a seif e value in a level attitude, 
therefore, it would provide a conservative limitation for other 
attitudes. 

The second method for Increasing the allowable rate of control 
movement, which Involves reduction of the lag in airplane response, can 
be accomplished by incorporating a suitable avrtomatlc pilot which moves 
the elevator in accordance with a command signal from the control stick 
in such a way as to produce the acceleration called for with, as little 
lag as possible. By use of an autopilot which increases the stability 
of the airplane, such ein arrangement might be made to work even when 
the airplane without automatic control had zero stability in maneuvers. 

This method requires continuous operation in normal fli^t of the mech- 
suolsms connected with the restricting device, however, and ther^^efore 
suffers from the objection that malfunctioning of the device might 
endanger the normal control of the airplane. 

The present study has been confined to acceleration restrictors of 
the simplest type, that is, those which prevent further upward movement 
of the elevator when the signal from the acceleration-measuring device 
reaches a certain value. The study is considered preliminary because 
no general analysis has been made to determine the optimum design for 
such a device in any particular case. The devices considered for 
measuring the acceleration include an accelerometer located at the center 
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of gravity, an accelerometer 3 chords ahead of the center of gravity, 
eind a device measuring the q\iantity: True airspeed times pitching 

velocity. Calculations have heen made for a representative filter air- 
plEine and a representative transport airplane over a range of values of 
altitude, airspeed, and center-of -gravity position. Ro consideration 
has heen given in the present paper to the mechanical design of a device 
to stop the elevator movement, thou^ such a device should not he diffi- 
cult to develop. 


ARALYSIS 


The most critical type of maneuver for an acceleration restrictor 
of the type considered is a pull-up in which the elevator is moved 
at the may i mum available rate until it is stopped hy the action of the 
restrictor and then is held fixed at this deflection. The effective- 
ness of the device may he determined hy comparing the maximum noi*mal 
acceleration reached with the desired limiting value. 


Calculation of Response 

In order to determine the response of an airplane in a maneuver in 
which the elevator is moved at a constant rate and thereafter held fixed, 
the response was actually calculated to a periodic elevator motion of 
trapezoidal wave form. The fundamental frequency of the wave was selected 
so that the response of the airplane had essentially reached a steady 
value before the next half-cycle started. The first step in this cal- 
culation was to determine the frequency-response characteristics of the 
airplane (that is, the response to sinusoidal elevator movements of 
various frequencies) . The response to a periodic elevator motion of 
trapezoidal wave foim was then calculated hy expressing the trapezoidal 
wave as a Fourier series and calculating the response to the various 
terms of the series separately. These responses were added vectorlally 
hy an electromechanical Fourier synthesizer of the type described in 
reference 2. This machine allowed the inclusion of the first 23 
harmonics of the Fourier series. 

Maneuvers involving many combinations of elevator rate, elevator 
deflection, and airspeed may occur in practice. By employing the equa- 
tions for response in nond i men sional form, however, a relatively small 
number of solutions may he made to apply to a wide range of conditions. 

The detailed procedure used in the analysis is now described. 
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The treinsfer functions relating the normal acceleration and pitching 
velocity of the airplane to the elevator deflection are expressed in non- 
dimensional form as fdllows: 


E(g-9) 

5e Ao 




^e Aq 


where 


A„ = * I>(2MKy2Cz_^ + mC.,^ + + 

The method of derivation of these equations is given in reference 3* 

The equations are derived on the assumption that the airspeed is constant. 
The nondimens ional time is taken as the distance traveled expressed in 
chords. The normal acceleration in g-units is related to D(a - 9) by 
the formula; 

n = - ^ I>(a - e) 

The pitching velocity is related to D9 by the formula; 


q = 


V 

c 


D0 


The tremsfer function for the normal acceleration at a location 1 
chords ahead of the center of gravity is obtained from the relation 



D(g - 0) j d£0 
^e 
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Frequency-response characteristics were con^nited hy substi- 
tuting D = in into the transfer f tract ions. The real and imaginary 
parts of the resulting expression give the conponents of response in 
phase and 90° out of phase, respectively, with a sinusoidal elevator 
motion of freguency o). 

The symbols describing the trapezoidal wave form assumed for the 
elevator motion are illustrated in figure 1. This wave form may be 
expressed as a Fourier series 


where 


^e “ ■% 


^1 

sin' — 

A 2k Tf 

■ 1 - 

m — 

Tf 


(H = 1, 3, 5 . . .) 


Values of T^/Ef of 0, l/48, l/24, l/l2, I/6, and I/3 were used in the 

calculations; The corresponding input waves as plotted by the Fourier 
synthesizer using values of N throu^ 23 8xe shown in figure 2. It 
is seen that the square 'wave is ra-ther poorly approximated by the assumed 
series, but the ■waves for val\ies of T^^T^ of l/2k or more are well- 
approximated, These waves correspond to the conditions of greatest 
interest in the present analysis. 


Analysis of Response Curves 

A typical response time history, obtained from the Fourier synthe- 
sizer in the manner described previously, is shown in figure 3. This 
figure is used to illustrate the method of application of the response 
curves to the determination of the action of an acceleration restrictor 
in any particular maneuver. - Scales are not shown in the curves of 
figure 3 because only the shape of the curves is Important at this stage 
of the analysis. The magnitudes of the various quantities are to be 
determined from a knowledge of the airspeed, desired limiting acceleration, 
eind so forth. Thro\i^out the analysis, the response curves were assumed 
to start from a value of the variable of zero, so that any numerical 
value of acceleration represents an increment from the steady fli^t 
condition of 1 g. Similarly, all ratios of accelerations or pitching 
velocities represent ratios of the incremental values of these quantities. 

Acceleration restrictor sensitive to normal acceleration measured 
at center of gravity . - First, the action of an acceleration restrictor 
which stops the upward motion of the elevator at a preset value of normal 
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acceleration np measured at the center of gravity vill he considered. 
Since, in figure 3^ the upward motion of the elevator stops at time (l), 
the value of normal acceleration at this time n^ represents this preset 

value of acceleration. The ratio of the peak acceleration to the preset 
acceleration is given hy the ratio This ratio must he determined 

as a function of the rate of elevator motion and the airspeed. As ^own 
in figure 3^ the rate of elevator mdtion is This value of 

is .determined as follows; 

6q = = no 

1 3 ^\dn /steady 

where (^^e/da)g.(.gg^^ is the ratio of elevator angle to normal accel- 
eration under steady conditions. How 


dnA 


where 


D(a - e) 



Bid - 0) 


gc 

_ Se 

steady 


is the known value. of the nondimensional acceler- 


-I steady 


ation response at zero frequency. Also, 



and the valiie of t^^ is (T^Tjf)Tjp<y V, where Tf is the known fundamental, 
'period of the trapezoidal wave expressed in chords. 


By use of the preceding relations, the expression fpr the rate of 
elevator movement becomes 



This formula establishes the relation between the elevator rate and the 
airspeed for a given set of the values of the ratios and Tj^yT^ 
obtained fr o m a given nondimensional response time history. From this 
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same time history a certain T/alue of the ratio of peak acceleration to 
preset acceleration U2y/iii is obtained. This information allows the 


plotting of a contour line of constant ratio of peak acceleration to 
preset acceleration on a graph of elevator rate against airspeed. By 
interpolation between a series of such ciirves, a graph showing this 
ratio as a function of airspeed for constant values of elevator rate may 
be prepared. Since the chord c cancels in the formula, the same cinrves 
apply to dynamically similar airplanes of any size. 


Acceleration restrictor sensitive to the quantity; True airspeed 
times pitching velocity .- The action of an acceleration restrictor which 
stops the upward motion of the elevator at a given value of the quan- 
tity Vq/g is now considered. (The g is placed in the denominator 
of this expression to put the numerical values of this quantity on the 
same basis as the values of n. ) The value of q at time (l) (fig. 3 ) 
is the value required to make the quantity Vq/g equal to the preset 
val\ie of normal acceleration np. The ratio of peak acceleration to 

no 

preset acceleration is therefore But 

Vq^g 


q.1 - 13 



and in a steady pull-up. 


Yqo 

— = no 

g ^ 

Hence, the ratio of peak acceleration to preset acceleration is ^ 

By the same method as was used previously for the accelerometer -actuated 
restrictor, the expression for the rate of elevator movement may be shown 
to be 


■^1 


■ 


VT. 


f T. 


1 p(a - e) 


steady 


Acceleration restrictor sensitive to normal acceleration 3 chords 
ahead of the center of gravity . - The method of analysis used for the 
case where the acceleration was measured at a point 3 chords ahead of 
the center of gravity is similar to that described for the device 
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sensitive to Vq/g. The fornmlas used to determine the rate of elevator 
movement and the ratio of peak, acceleration to preset acceleration are 
identical in the two cases, except that values read from the curve of 
the acceleration at the location of the accelerometer are used in place 
of the values of q. 


RESDIiTS 


Calculations were made of the time histories of normal acceleration 
and pitching velocity in pull-ups with various rates of elevator movement 
for two airplanes, a representative fighter airplane and a representa- 
tive transport airplane. These calculations were made for two altitudes, 
sea level and to, 000 feet, and three center-of -gravity positions, corre- 
sponding to values of static margin of 0, 10, and 20 percent of the mean 
aerodynamic chord. These cases were considered to "be representative of 
the range of dynamic stahlllty characteristics likely to ke encountered 
in practice. The assumed airplane dimensions, mass characteristics, and 
stahlllty derivatives are listed in table I. 

In order to show the range of dynamic stability characteristics 
Included in the analysis, typical examples of response curves for the 
filter and transport airplanes at altitudes of sea level and to, 000 
feet and with three center-of -gravity positions are shown in figure if. 

The response to a rather rapid elevator movement, rather than, to a 
theoretical step function, is shown because, as noted previously, the 
Fourier synthesizer more accurately approximated the case* where the rate 
of elevator movement was finite. The perlo'd and damping of the short- 
period oscillation of the airplanes under these conditions are given 
in table II. 

The behavior of the acceleration restrictors discussed previously 
is given in figures 6 , and 7. Figure 5 shows, for all the aiiplane 
conditions considered, the characteristics for the case in which the 
upward motion of the elevator is stopped at a given value of normal 
acceleration measvired at the center of gravity. Figure 6 presents 
similar results for the case in which the acceleration is measured at 
a point 3 chords ahead of the center of gravity. These calculations 
are limited to the case of the fighter airplane at sea level. Figure 7 . 
shows, for all the airplane conditions considered, the characteristics 
of an acceleration restrictor which stops the upward motion of the 
elevator at a given value of the quantity Vq/g. Each of these figures 
presents the ratio of peak acceleration to preset acceleration as a 
function of true airspeed for various values of elevator rate. The 
preset incremental normal acceleration was taken as 6g for the fighter 
aiiplane and 2.5g for the transport aiiplane. These curves may be 
applied to other values of preset acceleration, however, by changing 
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the values of elevator rate In direct proportion to the value of preset 
Incremental acceleration. The curves apply quantitatively to airplanes 
of any size which aire dynamica3J.y similar to the airplanes whose charac- 
teristics are listed in table I. 

The data of figures 5, 6, and 7 are plotted for values of static 
margin of 0, 10, and 20 percent of the mean aerodynWic chord. Inasmuch 
as the maneiiver margin has more significance in interpreting these results, 
however, values of maneuver margin for the various cases are also shown 
in these figures. (Maneuver margin is defined as the distance between 
the center of gravity and the maneuver point j the maneuver point is the 
cent er-of -gravity location at which the variation of pitching moment 
with lift coefficient is zero in steady pull-iq)s at constant airspeed. ) 


DISCUSSION 


Interpretation of the results shown in figures 5^ 6, and 7 requires 
consideration of the desired action of an acceleration restrictor. 

Ideally , the acceleration reached in a pull-up should equal hut should 
not exceed the preset limiting value. An overshoot of the acceleration 
beyond the preset value could he allowed for if the ratio of peak acceler- 
ation to preset acceleration were always the same. Unfortunately, 
however, the results show that this ratio usually increases approximately 
linearly with airspeed. If the preset acceleration is chosen to avoid 
■ exceeding the limit load factor in hi^-speed fll^t, therefore, the 
maneuvering capabilities of the airplane will he restricted to values 
below the structural limitations at lower airspeeds. In order to avoid 
an undue limitation in the maneuvering capabilities, the ratio of peak 
acceleration to preset acceleration must be kept to a fairly low value, 
say 1 . 5 . Values of this ratio as hi^ as 4 are shown in figures 5, 6, 
and 7 . The values between approximately 1.5 aud. 4 are beyond the range 
of practical interest and are included simply to show the theoretical 
limitations of the devices. 

The data of figures 5^ 6, and 7 show, as expected, a strong effect 
of the maneuvering stability on the behavior of the acceleration restrictors. 
A maneuver margin of zero would result in infinite ratios of maYlmum 
acceleration to preset acceleration for any elevator rate for all of the 
acceleration restrictors considered. The detailed results for the various 
cases are now discussed. 

Acceleration restrictor sensitive to normal acceleration at the 
center of gravity .- In the case of the acceleration restrictor which 
stops the elevator movement at a given value of normal acceleration 
measured at the center of gravity (fig. 5), the characteristics with a 
static margin of zero are entirely unacceptable, and relatively low 
values of elevator rates are required to avoid overshoot ratios greater 
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than 1.5 when the static margin is 10 percent or even 20 percent of the 
mean aerodynamic chord. For example, in the case of the filter air- 
plane at sea level (fig. 5(a)) with a static margin of 10 percent of 
the mean aerodynamic chord, the elevator rate vould have to he restricted 
to about 6° per second for an overshoot ratio of 1.5 at an airspeed 
of 900 feet per second. Such a rate is probably unacceptably low inas- 
much as a rate of elevator movement of about 30° to 50° per second is 
considered necessary for low-speed maneuvers such as landing in an air- 
plane of this type. At an altitude of ^,000 feet (fig. 5(t) ) somewhat 
hl^er rates are permissible, primarily because the airplane must pull 
up to a hi^er lift coefficient to obtain a given acceleration at hi^ 
altitude. 

The explanation for the large ratios of peak acceleration to preset 
acceleration with the hi^er rates of elevator movement is Illustrated 
in figure 3. The main reason for the overshoot is not the dynamic over- 
shoot of the acceleration (02/^3 in. fig. 3) tut the lag in build-up 
of the acceleration which allows the elevator to be moved to a deflection 
far beyond that required for the desired limiting acceleration before 
the acceleration has. approached its msiximum value. 

In the case of the transport airplahe (figs. 5(c) and 5(d)) similar 
conclusions may be obtained. The results of researcb reported in refer- 
ence 1 indicate that values of rate of elevator movement as low as 10° per 
second might be acceptable for the landing maneuver of a transport air- 
plane. The valvuss of elevator rate required to prevent overshoot ratios 
greater than 1.5 are considerably lower than this figure, however, at 
hi^ values of airspeed. 

Acceleration restrictor sensitive to normal acceleration 3 chords 
ahead of the center of gravity .- The restilts for the case of an acceler- 
ation restrictor depending on measiirements of acceleration at a point 
3 chords ahead of the center of gravity for the filter airplane at sea 
level (fig. 6) show some increase in the allowable rates of elevator 
motion \dlen compared with the results when the accelerometer was located 
at the center of gravity (fig. 5(a-)). The Increase is not sufficient, 
however, to result in satisfactory characteristics, inasmuch as- the 
maximum allowable values of elevator rate at hi^ values of airspeed are 
again less than those required in low-speed fli^t. The improved results 
obtained with the accelerometer mounted near the nose as compared to those 
with it mounted at the center of gravity indicate that a combination of 
the quantities normal, acceleration and pitching acceleration might pro- 
vide a suitable signal for operation of an acceleration restrictor but 
the relative contribution of the pit ching acceleration obtainable by 
simply locating the accelerometer near the nose of the airplane is 
insufficient. 


One way in which satisfactory characteristics might be obtained 
with 8in acceleration restrictor sensitive to normal acceleration measured 
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at a point near the nose of the airplane "wotild he to incorporate a 
device to increase the ma-iHmi-mi rate of elevator motion as the airspeed 
decreased. Such a variation in rate of elevator motion with airspeed 
would prohahly he acceptable from the pilots’ standpoint I nasmuch as 
smaller rates of elevator motion are required in maneuvers at hl^ speed. 

The complication involved in providing this characteristic would prohahly 
rule it out of consideration unless some other benefit could also he 
derived. One such benefit which would result is a reduction in the tail 
loads in maneuvers at hi^ speed. 

Acceleration restrictor sensitive to the quantity; True airspeed 
times pitching velocity .- The results obtained with an acceleration 
restrictor which stops the motion of the elevator at a given value of 
q^uantity Vq/g (fig. 7) Indicate that with this device much hi^er rates 
of elevator motion are allowable. The characteristics of this device 
appear to he satisfactory for the case of the filter airplane provided 
the static margin is greater than 10 percent of the mean aerodynamic 
chord. In the case of the transport airplane, however, somewhat greater 
valioes of static margin are required. 

The ratio of peaJc acceleration to preset limiting acceleration for 
this type of device is seen to he less than 1.0 for the filter airplane 
with low rates of elevator movement. This condition may not he undesir- 
able provided the acceleration restrictor is designed to allow further 
upward movement of the elevator when the quantity Vq/g falls below 
the preset value. The characteristics obtained in this case are shown 
in figure 8. In a rapid maneuver the device stops the upward motion of 
the elevator at the preset value of the quantity Vq/g. Because the pitching 
velocity precedes the normeil acceleration, the elevator stops at a point 
corresponding to a value of noimal acceleration below the desired limiting 
value. Following the initial overshoot of pitching velocity, however, 
the quantity Vq/g falls below the preset value and further upward 
motion of the elevator is allowed. The elevator therefore moves up in 
a series of steps. In the case shown, the elevator motion ceased after 
three steps and the ratio of peak acceleration to preset acceleration 
was 1.23. Some oscillations in the response were induced by the motion 
of the elevator, but the oscillations in normal acceleration do not appear 
large enough to have a significant effect on the satisfactory operation 
of the airplane. 

The foregoing type of behavior would be expected for any acceler- 
ation restrictor operated by a signal which precedes the build-up of 
normal acceleration by a sufficient amount. For example, an acceler- 
ation restrictor sensitive to a combination of pitching acceleration 
Sind normal acceleration would be expected to work in this manner provided 
the pitching-acceleration signal were sufficiently large. This method 
of operation appears to offer promise as a means for limiting the over- 
shoot of the normal acceleration beyond its preset value over a wide 
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range of fli^t conditions. Furth^ investigation of devices working 
on this principle would therefore appear desirable. 


CONCLUDING REMARKS 


An acceleration restrictor which works on the principle of stopping 
the upward motion of the elevator at a given value of normal acceleration 
measured at the center of gravity ip unsatisfactory for the represen- 
tative filter airplane and representative transport airplane investigated 
because an undue limitation on the rate of elevator movement is required 
to prevent large overshoots of the acceleration beyond the preset limiting 
value. Somewhat larger rates of elevator movement are allowable if the 
accelerometer is located 3 chords ahead of the center of gravity^ because 
the component of pitching acceleration measured by the Instrument precedes 
the normal acceleration in a rapid maneuver. The allowable rate of 
elevator movement, however, is still insufficient to provide adequate 
maneuverability vtnless a device is incorporated to increase the maximum 
rate of elevator movement with decreaqlng speed. These results indicate 
that a device sensitive to a combination of the quantities normal acceler- 
ation and pitching acceleration mi^t be suitable for operating an 
acceleration restrictor but that the component of pitching acceleration 
should be larger than that obtainable by sin 5 )ly locating the acceler- 
ometer in the nose of the airplane. 

The use of a device, sensitive to the quantity: True airspeed time,s 

pitching velocity to operate the acceleration restrictor provides anti- 
cipation of the acceleration in a rapid maneuver. The allowable rates , 
of elevator motion for the filter and transport airplanes investigated 
appear satisfactory with this method provided the static margin is 
greater than 10 or 15 percent of the mean aerodynamic chord. This method 
does not take into account the effect of gravity on the loads experienced 
by the airplane. If the device were set to limit the acceleration to 
a safe value in level flight, therefore. It would provide a greater 
restriction than necessary in other attitudes. 

An acceleration restrictor operated by a signal whldi precedes 
the build-up of normal acceleration by a sufficient amount will cause 
the elevator motion to stop at a deflection less than that corresponding 
to the preset acceleration. If the elevator motion is allowed to staxt . 
again when the signal falls below the preset value, the elevator will 
move back in a series of steps and approach a deflection closely corre- 
sponding to the preset acceleration. This method of operation appears 
to offer promise as a means of avoiding excessive ratios of peak acceler- 
ation to preset acceleration over a wide range of fll^t conditions. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va., August 10, 1951 
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TABLE I 

CHAEACTMISTICS OF AIRPLAHES USED IN CALCULATIONS 



Filter 

Transport 

Wel^t, lb 

. . 15,000 

22,000 

Wing area, sq ft . . . . . . . . . 

. . 300 

990 

Horizontal tail area, aq ft . 

. . 60 

180 

Wing chord, ft ............. . 

• . 7 

9 

Tail length, ft 

. . 20 

37 

Radlua of gyration about Y-axis, ft • . . 

. . 7 

12.33 

li. (sea level) . 

. . 93.3 

32.2 

|i (40,000 feet) 

. . 382 

132 

Ky 

. . 1.6 

1.37 



• • -4.77 

-5.50 

°ZDa 

• • -2.12 

-2.34 

-iq 

• • -4.24 

-4.72 



. . -0.37 

-0.286 

Sa • 

-6.04 

-9.70 

% * 

• • -12.06 

-19. to 



. • -1.05 

-1.18 



H 

03 


TABLE n 

PHIIOD A3ID EAMPIRO OF THE SHORT -PEEIIOD LQNCJITUDIIIAL OBCILLATICafS 
OF THE AIRPLAHK I^D IN CALCULATIONS 
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( 

1 

1 

1 

i 
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i 


0 

Distance traveled, s, chords 

Figure 1.- Trapezoidal wave form of elevator motion. 
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Figiire 3.- Typical time histoiy of response of nor mal acceleration and 
pitching Telocity to elevator motion. Time (1) is th§ time when the 
elevator motion stops. Time (2) is the time for mavi mnm normal 
acceleration. Time (3) is a time when steady conditions have been 
reached. 
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Acoeleraaater atc«g< 


Slstanoa traToied, b , olwrda 

(a) Fighter airplane at sea level. 

Figure 4.— Variation of the nondimensional normal— acceleration param- 
eter D(a - 0) and the nondimensional pitching- velocity parameter 
with distance traveled following a rapid elevator movement of 1°, 
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)lane at U0,000 feet altitude 


i;.- Continued. 
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(a) Fighter airplane at sea level, preset acceleration 6 g. 

Figirre 5 .- Ratio of peak acceleration to preset acceleration as a function 
of true airspeed for various values of maxi-imm elevator rate. Acceler- 
ation restrictor controlled by accelerometer mounted at center of gravity. 
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(b) Fighter airplane at- U0,000 feet altitude, preset acceleration 6g. 
(Curves for static margin of zero not shown because all values of 
elevator rate listed give veiy large ratios of peak acceleration , 
to preset acceleration. ) 


Figure 5.- Continued. 
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(c) Transport airplane at sea level, preset acceleration 2 .$g. 

Figure 5 .- Continued. 
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(d) Transport airplane at 1;0,000 feet altitude, preset acceleration 2.5g. 


Figure 5 .- Concluded. 
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Figiore 6 .- Ratio of peak acceleration to preset acceleration as a function 
of true airspeed for variovis values of mayiTninn elevator rate^ Acceler- 
ation restrictor controlled by accelerometer mounted 3 chords ahead of 
center of gravity. Fighter airplane at sea level. Preset acceleration 6 g. 
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(b) Fighter airplane at U0,000 feet altitude, preset acceleration 6g. 

Figure ?•- Continued. 
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(c) Transport airplane at sea level, preset acceleration 2 . 5 g. 

Figure 7 .- Continued. 
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Figure 8.- Typical time history of the action of an acceleration restrictor 
sensitiTTe to the quantity ¥q/g in a case v^ere the elevator motion 
initially is stopped before the preset acceleration is reached. Preset 
acceleration 6g. (Elevator-angle scale omitted because the quantitative 
values of elevator angle depend on the airspeed. ) 
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